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1  '  INTRUOUCTICN 


The  i.Tipact  toughness  of  a  fibre  reinforced  polymer  composite  is 
higher  than  that  of  either  its  constituent  phases.  A  number  cf  reasons 
have  been  proposed  [1  -  3]  based  on  the  processes  of  fibre  pull-out  and 
debonding  v^hich  absorb  energy  in  the  composite. 

This  paper  analyses  the  fracture  of  a  com.posite,  enabling  the  pull¬ 
out  and  debonding  lengths  to  be  calculated.  These  processes  can  operate 
not  only  on  single  fibres,  but  also  “bundles”  of  fibres. 

2  DESCRIPTION  OF  THE  FAILURE  PROCESSES 

Consider  a  composite  of  continuous  fibres  aligned  parallel  to  an 
applied  load  (Fig.  1).  Perpendicular  to  the  fibre  direction  is  a  notch. 
Under  monotonic  loading  the  m.aterial  at  the  notch-tip  fractures  and  a 

small  crack  in  the  matrix  forms.  Load,  once  carried  by  the  matrix,  is 
transferred  by  shear  to  the  fibres  which  are  still  intact.  These  shear 

forces  eventually  become  so  large  that  the  bond  between  fibre  and  matrix 
fails.  A  cylindrical  crack  at  the  interface  propagates  from  the  matrix 
crack  surface  along  the  fibre  as  the  applied  load  increases.  This  process 
is  called  debond inc. 

Some  load  transfer  between  fibre  and  matrix  is  still  possible  by 
interfacial  forces  due  to  matrix  shrinkage  onto  the  fibre  during  manufac¬ 
ture.  This  friction  produces  a  non-uniform  stress  along  the  debonded 
fibre.  Because  of  the  variable  strength  of  the  fibre  along  its  length 

the  fibre  is  able  to  break  some  distance  from  the  matrix  crack-plane  where 
the  stress  is  highest.  After  fracture,  the  composite  typically  shows 

a  matrix  crack-plane  with  fibres  p-otruding  from  it.  This  process  is 


called  Pull-Out. 


^2Stira^^;e  the  debond  stress. 


An  alternative  approach  based  on  the  energetics  of  failure  is 
described  by  Cutwater  and  Murphy  [7]  where: 

H 


4E,G- 
i  f  2c^ 

- ) 

f 


(3) 


is  the  mode  2  critical  strain  energy  release  rate  for  interfacial 
cracking.  Cutwater  and  Murphy's  derivation  of  this  equation  is  confusing 
since  they  do  not  state  whether  the  model  is  in  the  fixed  grips  or  fixed 
load  condition.  Wells  [8-]  rederived  their  model  to  clarify  this  point. 
Clearly,  only  if  there  is  both  sufficient  stress  to  nucleate  an  interfacial 
crack  and  a  favourable  energy  balance  can  the  crack  propagate. 

The  most  convenient  way  of  distinguishing  between  equations  (2) 
and  (3)  is  to  experimentally  investigate  the  dependence  of  debond  stress 
on  fibre  radius.  Wells  [8]  therefore  measured  the  debond  stress  of  steel 
wires  of  varying  diameter  embedded  in  epoxy  resin,  and  the  results  are 
shown  in  Fig.  2.  We  see  that  the  debond  stress  is  more  accurately  predicted 
by  the  energy  condition. 


3 . 2  Interfacial  Frictional  Stress  Transfer 

■'  The  frictional  stress  transfer  betv/een  fibre  and  .matrix  is  due 
to  compressive  radial  stress':..''  produced  both  by  t.he  shrinkage  of  the  resin 
during  cure  and  thermal  !..i::-.m6tch  effects  during  cooling.  The  radial 
stresses  can  be  estimated  by  a  simple  analysis  developed  by  Harris  [9] 
although  the  model  does  not  take  into  account  the  constraining  effects 
of -surrounding  fibres. 

3.2,1  Si.'.iplo  Linear  .’■lodel 

If  a  firro  is  assumed  inf  i.-. : '-ly  .stiff,  there  is  no  Poisson  contrac- 
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3 • 3  Calculation  of  the  DebonJ  Length 

Failure  of  a  fibre  of  uniform  strength  occurs  v/hen  the  stress  in 
that  portion  of  fibre,  between  the  matrix  crac,.  surfaces,  roaches  the 
strength  of  the  fibre,  0^.  the  debond  crack  ceases  to  propagate  and  the 
debonded  length,  is  therefore  given  by  the  condition: 

0  =  0  -  (0  -  0  )  ^ 

f  p  o  d 

and  hence 


^d  =  t 


0-0, 
_2 _ d 


0-0, 
P  f 


(6) 


where  2.^  is  the  final  debonded  length  on  both  sides  of  the  matrix  crack 


(Fig.  3).  If  0^  >  7,  no  debonding  occurs:  if  0^  >  0^  and  0^  >  0^  debondiiig 
extends  along  the  entire  length  of  fibre.  . 


3 • ^  Effect  of  Reinforcement  on  the  Mature  of  Debonding 

Equation  (3)  predicts  that  low  stiffness  or  large  radius  fibres 
will  have  a  low  debond  stress.  Consequently,  a  phenomenon  which  may  be 
called  'bundle  debonding'  can  occur.  This  process  may  operate  even  though 
the  fibre  debond  stress  exceeds  the  fibre  strength  and  no  individual  fibre 
debonding  would  be  predicted.  Bundles  consist  of  a  group  of  fibres  bonded 
by  resin.  They  behave  as  large  single  fibres.  Such  a  bundle  has  a  lower 
stiffness  and  strength  than  a  single  fibre,  but  with  a  larger  radius. 
Tile  interfacial  parameter  G  ,  will  also  be  a  combination  of  the  pure 
matrix  and  interface  properties. 


Alter  debonding,  a  bundle  will  have  a  corrugated  surface,  and  there¬ 
fore  any  snail  movement  of  the  bundle  with  respect  to  its  'socket'  will 
cause  interlocking  of  these  corrugations.  T.'iis  will  produce  an  effective 
residual  compressive  strain  on  th.c  bundle  of  fibres,  similar  to  that  of 
the  single  fibre  case.  The  stress  distribution  and  debend  stress  of  a 
bundle  may  be  approximated  by  equations  (3)  and  (5)  after  substitution 
of  the  relevant  material  properties.  These  corrugations  may  also  provide 
an  air-gap  which  accounts  for  the  whitening  observed  in  debonded  glass 
fibre  composites.  A  debonded  single  fibre  v/ould  not  produce  a  sufficiently 
large  airgap  to  create  such  whitening  effects. 


3.4.1  Calculation  of. Bundle  Properties  for  Calculation  of  Bundle 

Debond  Length 

The  bundle  stiffness  and  strength  may  be  calculated  using  the  ruie- 
of-mixturcs  where  the  fracture  of  weak  fibres  reduces  the  strength  of 
the  bundle  to  30%  of  the  ideal  rule-of-mixtures  prediction  [10],  Poisson’s 
ratio  of  a  bundle  is  that  of  a  typical  composite  of  appropriate  fibre 
volume  fraction  (v  =  0.32). 

The  interface  parameter,  ^2c'  assumed  to  be  a  linear  function 

of  the  two  constituent  material  properties: 


""20  =  I  S' 


(7) 


where  and  are  the  critical  energy  release  rates  for  fracture  of 
interface  and  pure  resin  respectively.  The  spacing  between  fibres  centres 
around  the  edge  of  the  bundle,  a,  is  given  by  the  square  packing  approxima¬ 
tion: 


a  f— •-“! 
'f 


(8) 


where  7^  x,  volume-  fr-action  of  fihr-as  in  the  bundle. 
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Wells  [8]  measured  =  500  Ji.i"*  for  an  epoxy  resin  matrix  and 

approximately  50,  2  and  60  Jm~'  for  E-glass,  Kevlar  and  high  strength 

carbon  fibres  in  epoxy  respectively.  The  misfit  strain  between  bundle 

and  matrix  was  found  to  be  about  5%,  and  the  radius  of  a  bundle,  r,  ,  v;as 

b 

typically  500  um. 


3.5  Comparison  of  Observed  and  Predicted  Debond  Le:  gths  in  Medel  Composite 

Experiments  have  been  carried  out  on  model  composite  specimens 

where  debond  lengths  may  be  accurately  measured  and  compared  to  th.soretical 

1, 

predictions.  The  specimens  have  been  described  previously  [3 1.  Briefly, 
a  specimen  consisted  of  a  single  layer  of  class  reinforcing  tov^s  close 
to  the  tensile  side  of  a  small  epoxy  beam  loaded  in  three  point  bending. 


TABLE  1: 

Variation  in  Debond  Lengths  with  Spe 

cimen 

Type 

SPnClMEM 

TYPE 

DEBOML  LEh’GTH  (mm) 

Ho.  OF 
eptmTME’ig 

'  ■  OBSEP.VFD  PREDICTED 

NOTE 

> 

30  2.T  ±  0.2  3.9 

23% 

■^b  = 

0.5  m.m 

B 

90  5.8  ±  0.6  7,9 

li 

> 

40% 

0.45  mm 

C 

10  7.1  ±  1.0  8.7 

AS  B 

wi  th 

= 

0 

The 

result  bcir 
per  sped  me 

( i )  Typo 


observed  lengths  of  bundle  dobonding  arcj  shown  in  Table 
ig  the  average  of  at  least  100  measurements  (1C  measu 
n).  Results  for  specimens  of  three  typos  are  prasen ted : 


A  had  no  weft  fibres  holding  the 


1  each 

emer.  ts 


..  u  1 


main  tows  in  nl.-i-n 


(ii ) 


bundle  spreading  to  occur  during  manufacture. 

Type  B  had  a  small  number  of  light  v;eft  fibres  present,  holding 
the  bundle  together  and  reducing  the  inter-fibre  spacing.  This 
corresponds  to  a  composite  with  a  locally  higher  volume  fraction, 
(iii)  Type  C  were  specimens  prepared  as  type  B,  but  the  fibres  v;ere  sprayed 
with  mould  release  fluid,  producing  a  weak  fibre/matrix  bond. 

Table  1  also  shows  the  predicted  debond  lengths  using  equations 
(3),  (6),  (7)  and  (8),  with  substitution  of  material  properties  listed 
in  Table  2. 

TABLE  2;  Properties  of  Fibres  and  Epoxy  Resin 


FIBRE 

GLASS  CARBON 

RESIN 

Strength 

(MPa) 

1650 

24S0 

80 

Young's  Modulus 

(GPa) 

70 

230 

3 

Radius 

(urn) 

7 

4 

- 

Poisson's  Ratio 

0.2 

0.2 

0.35 

Values  of  G^,  and  misfit  strain,  e^,  are  those  reported  in  the 
previous  section,  except  in  the  case  of  type  C  specimens  where  it  is  assumed 
that  no  fibre-matrix  bonding  occurred  and  consequently  G^  =  0  in  this 
case.  Agreement  between  observed  and  predicted  values  is  generally  good 
althougli  the  predictions  are  typically  30”  higher  than  the  observed  value. 

4  THE  PROCESS  OF  PULL-CUT 

Tlie  fundamental  origin  of  pull-cut  is  the  variable  strength  of 
clr.g  fibre.  In  the  absence  of  strength-reducing  flav;s  a  fibre 


tl'.e  reinfor 


would'  break  in  tho  region  of  maximum  stress  (i.e.  between  the  faces  of 
a  matrix  crack),  and  no  pull-out  would  result.  Hov/ever,  when  a  brittle 
fibre  carries  a  non-uniform  load  along  its  length  the  fibre  may  either 
fracture  at  a  large  flaw  in  a  region  of  low  stress  or  at  a  minor  flaw 
at  a  point  of  higher  stress.  This  is  showsi  schematically  in  Fig.  4.  In 
this  case  fibre  fracture  will  occur  at  point  'A'  away  from  the  region 
of  maximum  stress  and  produce  pull-out  during  crac)c  propagation. 


4.1  A  Statistical  Model  for  Pull-Out 

After  the  matrix  cracks,  the  load  on  a  fibre  close  to  the  crack 
tip  increases  causing  debonding.  Friction  between  fibre  and  matrix  gives 
rise  to  a  non-uniform  stress  distribution  along  the  fibre  length. 


The  variable  strength  of  a  brittle  fibre  is  controlled  by  the  distri¬ 
bution  of  flaws  along  its  length.  Experiments  show  that  the  strength 
of  such  material  is  well  described  by  a  Weibull  distribution .  On  loading 
the  material  up  to  a  stress  d,  a  fra 'tion  of  the  fibres  P(a)  will  fail; 
in  its  simplest  form: 


P(a)  =  1 


(-(a/ag)'") 

e 


(9) 


where  is  a  characteristic  strength  and  m  the  Weibull  modulus. 

Consider  a  debonded  fibre  with  a  series  of  sections  of  length  6x 
to  be  non-uniformly  loaded.  Fig.  5.  The  stress  in  the  i^^  section  increases 
from  zero  to  as  the  debond  crack  propagates  along  the  fibre.  The  n^^ 
section  is  at.  the  point  of  maximum  fibre  stress,  i.e.  in  the  plane  of 
the  matrix  crack.  The  probability  of  failure  in  loading  section  i  from 
zero  load  tc  is  given  by  the  cumulative  probability  of  failure  P(a^). 

th 

However,  the  probability  of  failure  occurring  in  the  i  segment 
is  not  simply  P(a^).-  It  also,  dopev  is  upon  the  probability  .  that  a  more 


highly  stressed  section  has  not  bro'.f::'  before  the  flaw  in  the  i 


section 


i 

V 

causes  failure  of  the  fibre.  This  is  given  by  the  sum  of  1  -  P(cyj)  for  all 
j  >  i,  i.e.  all  sections  more  highly  loaded  than  section  i*. 

The  relative  probability  of  fracture  occurring  in  section  i  is 
therefore  given  by: 

n 

f .  “  P((J,  )  I  (1  -  P{a .) )  (10) 

i  1  .  -I  3 

3=1+1 

Equation  (10)  may  be  re-expressed  to  present  an  integral  form  of  the  cumula¬ 
tive  probability  function; 

X  -  Jt 

/  P(CT(x')){|  1  -  P(a(x"))  dx"}  dx' 

F(x)  =  - — -  (11) 

d/2  ct/2 

/  P(a(x')){/  1  -  P(CJ(X"))  dx"}  dx‘ 

0  X' 

The  pull-out  length  is  given  by; 


and  F(x')  is  the  cumulative  probability  of  x  being  less  than  x'.  Conse¬ 
quently  the  cumulative  probability  distribution  of  the  pull-out  length 
being  less  than  or  equal,  to  is: 


The  model  assumes  that  the  entire  flaw  spectrum  is  repeated  in 
a  length  of  fibre  which  is  small  by  comparison  with  the  pull-out  length. 
This  is  justified  since  the  average  strength  of  the  fibres  changes  only 
slowly  with  increasing  gauge  length.  It  implies  that  the  full  range  of 
flaws  must  be  present  in  short  lengths  of  fibre. 

*An  allowance  for  the  probability  of  a  severe  flaw  causing  fracture  in  a 
section  under  lower  stress,  before  fibre  failure,  occurs  in  section  i,  is 
made  by  the  use  of  the  cuirnilativo  Woibull  distri!.H;tion,  PlvC). 

-  10  - 

■  / 
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4.2  '  The  Effect  of  the  Reinforcement:  on  the  Nature  of  Pull-Out 

For  certain  composites  the  debonding  of  single  fibres  does  not 

occur  because  the  debor.d  stress  is  greater  than  the  fibre  strengtlu  This 
behaviour  is  anticipated  in  materials  with  a  strong  f ibre/matri;<  bond 
or  high  fibre  stiffness,  as  found  in  carbon-  fibre  reinforced  systems.  In 
such  cases  the  pull-out  of  individual  fibres  is  not  possible,  but  instead 
a  bundle  of  fibres  (which  debonds  more  easily  than  the  individual  fibres) 
behaves  as  a  large  fibre.  Although  a  composite,  the  bundle  still  has 
a  variable  strength  which  can  be  described  by  a  Weibull  distribution  with 
a  Weibull  modulus  about  3.5  times  larger  than  the  single  fibre  and  a 

strength  of  about  80%  of  the  rule-of-mixute  prediction  [Harlow  and  Pheonix, 
10].  The  stress  distribution  in  the  bundle  is  similar  to  that  in  the 

single  fibre  (Section  '3). 

The  nature  of  the  pull-out  process  is  "therefore  controlled  by  the 
debonding  process.  If  fibres  can  debond,  they  will  pull-out  individually. 
Glass  and  Kevlar*  should  normally  do  this.  However,  if  only  the  bundle 

debonds  then  the  bundle  will  fracture  away  from  the  matrix  crack  plane 
and  pull-out  as  a  small  piece  of  intact  composite;  this  is  what  CFRP  is 
predicted  to  do.  The  process  may  be  analysed  using  equation  (11)  when 
the  appropriate  substitutions  are  made.  In  general,  a  coiriposite  may  show 
a  combination  of  the  two  types  of  pullout. 

4.2.1  Fractographic  Observations  of_Pull-Out 

Fractured  samples  of  epoxy  containing  E-glass,  Kevlar  49  and  carbon 


*Although  Kevlar  is  a  polymeric  fibre,  it  appears  to  behave  as  a  brittle 
material.  In  the  absence  of  any  detailed  information,  the  Weibull  distri¬ 
bution  (with  a  Weibull  modulus  equal  to  that  of  glass  and  carbon)  is 
used  to  characterise  the  fibre  strength. 


11  - 


(Grafil  EX-AS)  have  been  examined  in  a  scanning  electron  microscope  (SEM) 
in  order  to  verify  the  above  predictions.  Figure  6  shows  the  fracture 
surface  of  a  unidirectional  or  [0/90)^  laminate.  Glass  and  Kevlar  show 
individual  fibre  pull-out  with  little  or  no  matrix  between  the  fibres. 
By  contrast,  the  carbon  fibre  reinforced  epoxy  shows  .a  solid  bundle  which 
has  fractured  and  pulled-cut  with  intact  matrix  binding  the  fibres.  These 
observations  are  in  agreement  with  the  debonding  behaviour  predicted  in 
Section 4^ 2,  although  variations  in  the  properties  of  the  fibre/matrix  bond 
could  allow  the  other  mode  of  pull-out  to  occur. 

4 . 3  Comparison  of  Predicted  and  Observed  Distributions  in  Composites 

For  a  typical  composite  with  brittle  fibre  reinforcement  the  function 
P{a)  is  of  the  Weibull  form  (eqn.  9)  and  for  a  debonded  fibre  the  stress 
distribution  is: 

,  >  ,  . 
a(x)=0-(o-a;)e 
P  P  d 

The  integral  (equation  11)  has  been  evaluated  numerically  for  various 
materials  and  the  predictions  compared  v.'ith  experiment. 

4.3.1  Results  fer  GFRP 

'  Beaumont  and  Anstice  [11]  measured  a  large  number  of  pull-out  lengths 
in  GFRP  in  an  effort  to  ascertain  their  distribution.  The  pull-out  lengths 
were  well  described  by'  a  Weibull  distribution  but  of  a  much  lower  modulus 
than  for  the  fibre  strength  distribution.  The  average  of  the  Weibull 
parameters  from  over  2000  measurements  of  pull-out  lengths  are: 

£  =  0.24  ±  0.08  mm 

o 

m  =  2.2  ±  0.42 

Tills  distribution  is  shown  in  Fig.  7  and  is  compared  wit!i  the  prediction 
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of  eqn.  (11) I  using  typical  E-glass/epoxy  properties  listed  in  Table  2. 
Good  agreement  is  found  between  the  predicted  and  experimental  distributions 
except  at  small  pull-out  lengths.  The  model  predicts  that  the  most  probable 
pull-out  length  (the  point  at  which  the  slope- is  maximised)  is  at  =  0, 
which  is  intuitively  correct  since  the  stress  is  maximised  at  that  point. 
By  comparison,  the  Weibull  distribution  predicts  zero  probability  of  zero 
length  pull-outs. 

4.3.2  Results_for  CFRP 

The  procedure  described  in  Section  4.3.1  has  been  applied  to  bundle 
pull-out  of  high  strength  carbon  fibres  using  data  from  Wells  [8].  Charac¬ 
teristic  Weibull  parameters  for  500  measurements  were: 

Z  =  0.47  ±  0.03  mm 
o 

m  =  1.9  ±  0.1  •- 

This  distribution  is  shown  in  Fig.  8,  and  may  be  compared  v;ith  the  result- 
from  eqn.  (11)  using  typical  values  for  carbon  fibre  in  epoxy  (see  TaJsle  2) 
and  a  bundle  misfit  strain  of  3%.  The  main  differences  in  shape  of  the 
d-^.stributions,  noted  in  Section  4.3.1,  are  evident  although  agreement 
between  average  values  is  good. 

4 . 4  A  Method  for  the  Rapid  Calculation  of  Pull-Out  Lengths 

So  far  the  theory  has  successfully  predicted  the  shape  and  position 
of  the  cumulative  probability  dis*- ributions  for  both  individual  fibre 
and  bundle  pull-out  cases.  Hov/ever,  calculations  of  the  .  complete  proba¬ 
bility  distribution  is  time-consuming  and  often  an  average  value  of  the 
P'dll-out , length  is  all  that  is  required.  Consequently  the  effect  of  chang¬ 
ing  composite  .  properties  on  the  shape  and  position  of  the  distribution 
has  been  investigated  and  correlations  between  pull-out  and  debond  lengtii.s 
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have  been  sought  as  a  means  of  convenient  prediction. 

4.4.1  Effect  of_Varying  Material  Properties  on  Pull-Out  Distributions 

From  eqn.  (11),  the  pull-out  length  distribution  is  affected  by 
any  parameters  v.'hich  ■  ref lect  changes  in  the  flaw  or  stress  distributions 
in  the  fibre.  Changes  in  most  of  these  parameters  will  also  affect  the 
debond  length.  Figure  9  shows  the  effect  of  varying  fibre  misfit  strain, 
Weibull  modulus,  fibre  strength  and  radius  on  the  probability  distribution, 
using  values  which  are  otherwise  typical  of  an  E-glass/epoxy  composite. 
In  particular,  it  should  be  noted  that  the  distribution  is  relatively 
insensitive  to  the  Weibull  modulus. 


4.4.2  Correlation  between  Fibre  Pull-out  and  Fibre  Dabond  Length 

Figure  10  shows  the  relationship  betv/een  the  average  pull-out  length,- 
ip,  and  the  fibre  debonn  length,  (as  calculatea  using  eqn.  6)  when 
several  parameters  vary.  The  average  pull-out  length  for  both  glass  and 
Kevlar  reinforced  material  may  be  estimated  by: 


This  approximation  is  accurate  to  within  ±  10%  for  i  <  0.3  mm  (or 

P 

i,  <  2.1  mm).  The  behaviour  due  to  changing  G,  ,  and  therefore  the  debond 
a  1 

stress,  is  least  well  predicted. 


4.4.3  Correlation  between  Bundle  Pull-Out  and  Bundle  Debond  Length 

Figure  11  shov/s  a  similar  variation  between  pull-out  and  debond 
lengths  for  typical  high  strength  carbon  fibre  co.-nposite .  There  is  a 
correlation  between  and  for  changes  of  fibre  strength,  radius  and 

fibre  misfit  strain.  However,  as  noted  in  the  previous  section,  changes 
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due  to  vnrifitions  in  dehond  stress  do  not  follow  the  same  trend.  Meverthe- 
less,  an  approximate  relationship  may  be  found  in  the  region  0.22  mm  < 
I  <  0.32  mm  (7.5  mm  <  i,  <  12  mn  )  to  an  accuracv  of  ±  20^,  namely; 

p  G 
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5  SUMKARY 

The  energy  absorption  in  composites  is  dependent  on  the  length 
of  debonding  and  pull-ouf.  These  processes  have  been  studied  to  enable 
the  lengths  to  be  calculated  from  fibre,  resin  and  interface  properties. 

The  study  shows  that  two  types  of  debonding  are  possible,  namely 
single  fibre  and  bundle  debonding.  Debond  lengths  have  been  measured 
and  found  to  be  in  agreement  with  the  predictions  of  the  theory. 

A  model  has  been  proposed  for  the  fracture  of  brittle  fibres  under 
non-uniform  stress,  predicting  the  probability  of  fracture  sites.  As 
a  result  of  the  two  types  of  debonding  (single  fibre  and  bundle),  .  two 
corresponding  modes  of  pull-out  have  been  proposed  and  observed  in  practice. 
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Figure  Captions 

1  Schematic  of  composite  fracture  ahead  of  a  notch. 

2  Variation  of  dobond  stress  with  wire  radius. 

Solid  line;  debond 

stress  calculated  from  equation  3  with  Ef  =  210  GPa ,  and  G2c  ~  200  Jm' 

Dashed  line;  debond  stress  from  equation  2  v/ith  =  1.1  GPa, 

Tq  =  20  MPa,  r^  =  10  mm. 

3  Calculation  of  the  debond  length 

4  Schematic  showing  origin  of  pull-out 

5  Schematic  of  debonded  fibre 

6  Pull-out  in  (a)  glass,  (b)  Kevlar  and  (c)  carbon  fibre  reinforced 
plastic 

7  Predicted  and  best-fit  Weibull  distributions  for  fibre  pull-out 

lengths  in  GFRP.  e  =  0.75%. 

o 

8  Predicted  and  best-fit  Weibull  distributions  for  bundle  pull-out 

lengths  in  CFRP.  e,  =  3%. 

b 


9  Effect  of  changing  material  parameters  on  fibre  pull-out  distribution 
in  GFRP.  Parameter  varying:  (a)  misfit  strain,  (b)  Weibull  modulus, 
(a)  fibre  strength,  and  (d)  fibre  radius. 

10  Correlations  between  fibre  pull-out  and  debond  lengths  "or  (a)  glass, 
and  (b)  Kevlar  reinforced  material. 

(Parameter  varied  e,  Cf;  +,  e^;  ,  rg;  and  A,  Gi) 

11  Predicted  correlation  betv/een  bundle  pull-out  and  debond  lengths 
for  high  strength  carbon  fibre  composite  (see  figure  10  for  key) 
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